We examined the effect of a single O 6 -methylguanine (O 6 -MeG) template residue on catalysis by a model Y family polymerase, Dpo4 from Sulfolobus solfataricus. Mass spectral analysis of Dpo4-catalyzed extension products revealed that the enzyme accurately bypasses O 6 -MeG, with C being the major product (ϳ70%) and T or A being the minor species (ϳ20% or ϳ10%, respectively), consistent with steady-state kinetic parameters. Transient-state kinetic experiments revealed that k pol , the maximum forward rate constant describing polymerization, for dCTP incorporation opposite O 6 -MeG was ϳ6-fold slower than observed for unmodified G, and no measurable product was observed for dTTP incorporation in the pre-steady state. The lack of any structural information regarding how O 6 -MeG paired in a polymerase active site led us to perform x-ray crystallographic studies, which show that "wobble" pairing occurs between C and O 6 -MeG. A structure containing T opposite O 6 -MeG was solved, but much of the ribose and pyrimidine base density was disordered, in accordance with a much higher K m,dTTP that drives the difference in efficiency between C and T incorporation. The more stabilized C:O 6 -MeG pairing reinforces the importance of hydrogen bonding with respect to nucleotide selection within a geometrically tolerant polymerase active site.
Of the myriad forms that covalent modification of DNA can take, alkylation of the purine/pyrimidine bases is one of the most extensively studied (1, 2) . The term "alkylating agent" encompasses a variety of known carcinogenic chemicals ranging from the spontaneously reactive nitrogen and sulfur mustards (e.g. mechlorethamine) and N-alkyl-N-nitrosoureas to metabolically activated compounds such as cyclophosphamide and N-nitrosamines (3) . Guanine is generally considered the most easily oxidized of the bases, and the N7 position is the most nucleophilic atom of guanine. One prevalent form of guanine oxidation occurs at the O6 position, with a simple and widely studied process being addition of a methyl group to form O 6 -MeG 2 (4) . Methylation of the O6 atom results in alternate pairing schemes that include a O 6 -MeG:C "wobble" pairing and a pseudo-"Watson-Crick" O 6 -MeG:T pair (Fig. 1) , and the relevance of O 6 -MeG to mutagenesis is well established (5) (6) (7) . Cells can repair O 6 -MeG by recognition and/or removal of the lesion through either the mismatch repair pathway or through the actions of (O 6 -alkylguanine DNA alkyltransferase) (8 -10) . O 6 -MeG is even observed in the DNA of the general population, although the level measured between studies has varied (4, 11) . Substantially increased levels of O 6 -MeG are found in patients treated with chemotherapeutic regimes that include methylating agents (4, 12, 13) .
Of the enzymes associated with what has commonly been referred to as "translesion synthesis," the Y-family DNA polymerases are thought to represent the major constituent present during post-replication repair of covalently modified DNA (14 -16) . Four human Y-family polymerases are known (, , , and Rev1), and representatives also occur in other eukaryotic, archaeal, and prokaryotic systems (17) . Current models for translesion synthesis across damaged DNA during replication propose a dynamic exchange between two general groups of polymerases, namely the high fidelity replicative polymerases that perform the vast majority of incorporation events and the Y-family enzymes (14, 16) . In mammalian systems the coordination of the four Y-family polymerases, at sites of damage or otherwise, is less than clear at this point. For all of these reasons, the one or more mechanisms by which specialized polymerases bypass damaged DNA is an area of intense focus.
Several crystal structures of the Dpo4 DNA polymerase from Sulfolobus solfataricus in complex with covalently modified DNA have served as a major source of structural information regarding how Y-family polymerases bypass damaged DNA templates (18 -23) . Rigorous kinetic analysis of Dpo4 catalysis performed with unmodified DNA indicates that the enzyme bears all of the hallmarks of a "translesion" polymerase, namely low efficiency ("low" k pol and "high" K D,dCTP ), low processivity (ϳ16 incorporation events prior to dissociation), and low "fidelity" (one mistake every few thousand insertions) (24, 25) . However, within the context of the cell these attributes are not at all surprising, because copying undamaged DNA does not appear to be the major function of these enzymes. An investigation of Dpo4-catalyzed bypass of a ubiquitous product of oxidative damage, 7,8-dihydro-8-oxodeoxyguanosine, revealed that Dpo4 efficiency is increased ϳ2-fold during lesion bypass (23) . The increased catalytic efficiency is in direct contrast to results obtained with T7 Ϫ and other high fidelity polymerases, where catalysis is, in general, greatly inhibited for both C and A incorporation events (26, 27) .
In the present study, transient-state kinetic approaches were combined with mass spectral analysis of incorporation/extension products and x-ray crystallography. The results clearly illustrate that Dpo4 favors C incorporation followed by correct extension of at least 4 bp, with T and some A incorporations occurring as minor products. The rate-constant defining Dpo4catalyzed incorporation of dCTP, k pol , is ϳ6-fold slower for incorporation opposite O 6 -MeG relative to G. The basis for the decreased rate was revealed by the crystal structure to be formation of a wobble base pairing between O 6 -MeG and C. From these results some of the mechanistic distinctions between polymerase subfamilies and the subsequent influence of those distinctions upon whether C or T is paired opposite O 6 -MeG become apparent.
EXPERIMENTAL PROCEDURES
Materials-Dpo4 was expressed in Escherichia coli and purified to electrophoretic homogeneity as described previously (25). All unlabeled dNTPs were obtained from Amersham Biosciences (Piscataway, NJ), S p -dCTP␣S was purchased from Biolog Life Science Institute (Bremen, Germany), and [␥-32 P]ATP was purchased from PerkinElmer Life Sciences. All oligonucleotides used in this work were synthesized by Midland Certified Reagent Co. (Midland, TX) and purified using highperformance liquid chromatography by the manufacturer, with analysis by matrix-assisted laser desorption time-offlight MS. The 13-base primer sequence used in the kinetic and mass spectral analyses was 5Ј-GGGGGAAGGATTC-3Ј. The 14-base primer sequences used in the indicated kinetic assays and the crystal structures was 5Ј-GGGGGAAGGAT-TCC-3Ј for the O 6 -MeG:C structure and 5Ј-GGGGGAAG-GATTCT-3Ј for the O 6 -MeG:T structure. The template DNA sequence used in all of the kinetic and mass spectral assays and in the O 6 -MeG:C and O 6 -MeG:dATP structures was 5Ј-TCATXGAATCCTTCCCCC-3Ј, where X ϭ G or O 6 -MeG, as indicated. A second template sequence, used for the O 6 -MeG:T structure, was 5Ј-TCACXGAATCCTTCCCCC-3Ј, where X ϭ O 6 -MeG.
Polymerization Assays and Gel Electrophoresis-A 32 P-labeled primer, annealed to either an unmodified or adducted template oligonucleotide, was extended in the presence of the indicated dNTP(s). Each reaction was initiated by adding 2 l of dNTP⅐Mg 2ϩ (250 M dNTP and 5 mM MgCl 2 ) solution to a preincubated Dpo4⅐DNA complex (25-100 nM). The reaction was carried out at 37°C in Tris-HCl (pH 7.8 at 22°C) buffer containing 50 mM NaCl, 1.0 mM DTT, and 50 g l Ϫ1 bovine serum albumin. At the indicated time, 5-l aliquots were quenched with 50 l of 500 mM EDTA, pH 9.0. The samples were then mixed with 100 l of a 95% formamide/20 mM EDTA solution and were separated on a 20% polyacrylamide (w/v)/7 M urea gel. Products were visualized and quantified using a phosphorimaging screen and Quantity One TM software, respectively (Bio-Rad, Hercules, CA). Formation of an 18-base extension product from a 13-base primer was quantified by fitting the data to Equation 1,
where A is the amount of product formed during the first binding event between Dpo4 and DNA, k obs is the an observed rate constant defining nucleotide incorporation, n is the number of incorporation events required to observe product formation, k 2 is the steady-state rate of nucleotide incorporation, and t is time. All statistical values given indicate the standard error.
Steady-state Kinetics-Dpo4-catalyzed single nucleotide incorporation was measured over a range of dNTP concentrations. All reactions were carried out at 37°C in 50 mM Tris-HCl (pH 7.8 at 25°C) buffer containing 50 mM NaCl, 1.0 mM DTT, 50 g l Ϫ1 bovine serum albumin, and 5% glycerol (v/v). Dpo4 (10 nM) was preincubated with DNA (100 nM), and the reaction was initiated by adding dNTP⅐Mg 2ϩ . Aliquots were quenched with 500 mM EDTA (pH 9.0) after varying incubation times. The initial portion of the velocity curve was fit to a linear equation in the program GraphPad Prism (GraphPad, San Diego, CA). The resulting velocity was plotted as a function of dNTP concentration and then fit to a hyperbola, correcting for enzyme concentration to obtain an estimate of k cat and K m,dNTP .
Pre-steady-state Kinetics-All pre-steady-state experiments were performed using a KinTek RQF-3 model chemical quench-flow apparatus (KinTek Corp., Austin, TX) with 50 mM Tris-HCl (pH 7.8 at 25°C) buffer in the drive syringes. Initially, all RQF experiments were carried out at 37°C in a buffer containing 50 mM Tris-HCl, pH 7.8 (at 25°C), 50 mM NaCl, 5 mM DTT, 100 g l Ϫ1 bovine serum albumin, and 5% (v/v) glycerol. Subsequent experiments indicated that increasing the concentration of glycerol in the reaction mixture resulted in considerably more product in the first binding event for Dpo4-catalyzed incorporation of dCTP opposite O 6 -MeG (supplemental Fig.  S4 ). Therefore, the pre-steady-state reactions were repeated using reaction buffer containing 35% glycerol (v/v). Polymerase catalysis was stopped via addition of 500 mM EDTA (pH 9.0). Where indicated, competitor primer/template DNA (1 M 13/18-mer) was included in the right syringe as a trap for protein, thereby creating single-turnover conditions even under enzyme limiting conditions. Substrate and product DNA was separated by electrophoresis on a 20% polyacrylamide (w/v)/7 M urea gel. The products were then visualized using phosphorimaging and quantitated using Quantity One TM software (Bio-Rad). Results obtained under single-turnover conditions were fit to Equation 2,
where A is the product formed in first binding event, k obs is the rate constant defining polymerization under the conditions used for the experiment being analyzed, and t is time.
Results obtained under conditions that allowed a second round of Dpo4⅐DNA binding and polymerase action were fit to Equation 3 ,
where k ss represents a steady-state velocity of nucleotide incorporation.
Liquid Chromatography Mass Spectrometry Analysis of Oligonucleotide Products from Dpo4 Reactions-Dpo4 (5 M) was preincubated with primer/template DNA (10 M), and the reaction was initiated by addition of dNTP (1 mM each) and Mg 2ϩ (5 mM) for a final volume of 100 l. Dpo4 catalysis was allowed to proceed at 37°C for 4 h in 50 mM Tris-HCl (pH 7.8 at 25°C) buffer containing 50 mM NaCl, 1 mM DTT, 50 g l Ϫ1 bovine serum albumin, and 5% glycerol (v/v). The reaction was terminated by extraction of the remaining dNTPs by using a size-exclusion chromatography column (Bio-Spin 6 chromatography column, Bio-Rad). Concentrated stocks of Tris-HCl, DTT, and EDTA were added to restore the concentrations to 50 mM, 5 mM, and 1 mM, respectively. Next, E. coli uracil DNA glycosylase (20 units, Sigma-Aldrich) was added and the solution was incubated at 37°C for 6 h to hydrolyze the uracil residue on the extended primer (22) . The reaction mixture was then heated at 95°C for 1 h in the presence of 0.25 M piperidine, followed by removal of the solvent by centrifugation under vacuum. The dried sample was re-suspended in 100 l of H 2 O for MS analysis.
LC-MS/MS analysis was performed on a Waters Aquity ultraperformance liquid chromatography system (Waters, Milford, MA) connected to a Finnigan LTQ mass spectrometer (ThermoElectron Corp., San Jose, CA), operating in the electrospray ionization negative ion mode. An Aquity ultraperformance liquid chromatography BEH octadecylsilane (C 18 ) column (1.7 m, 1.0 mm ϫ 100 mm) was used with the following LC conditions: buffer A contained 10 mM NH 4 CH 3 CO 2 plus 2% CH 3 CN (v/v), and buffer B contained 10 mM NH 4 CH 3 CO 2 plus 95% CH 3 CN (v/v). The following gradient program was used with a flow rate of 150 l min Ϫ1 : 0 -3 min, linear gradient from 100% A to 97%A/3% B (v/v); 3-4.5 min, linear gradient to 80% A/20% B (v/v); 4 -5.5 min, linear gradient to 100% B; 5-5.5 min, hold at 100% B; 5.5-6.5 min, linear gradient to 100% A; 6.5-9.5 min, hold at 100% A. The temperature of the column was maintained at 50°C. Samples were infused with an autosampler system. Electrospray ionization conditions were as follows: source voltage, 4 kV; source current, 100 A; auxillary gas flow rate setting, 20; sweep gas flow rate setting, 5; sheath gas flow setting, 34; capillary voltage, Ϫ49 V; capillary temperature, 350°C; and tube lens voltage, Ϫ90 V. MS/MS conditions were as follows: normalized collision energy, 35%; activation Q, 0.250; and activation time, 30 ms. Product ion spectra were acquired over the range m/z 345-2000. The doubly (negatively) charged species were generally used for CID analysis. The calculations of the CID fragmentations of oligonucleotide sequences were done using a program linked to the Mass Spectrometry Group of Medicinal Chemistry at the University of Utah (www.medlib.med.utah.edu/massspec). The nomenclature used in supplemental Tables S1-S3 has been described previously (28).
Crystallization of Dpo4⅐DNA Complexes-Dpo4 was concentrated to ϳ300 -550 M (ϳ12-22 mg ml Ϫ1 ) using a spin concentrator with a 10 4 M r cutoff filter (Amicon) in 50 mM Tris-HCl (pH 7.4 at 25°C) buffer containing 200 mM NaCl, 5 mM ␤-mercaptoethanol, and 10% glycerol (v/v). Dpo4 was then mixed with DNA (1:1.2 molar ratio), incubated at 37°C for 10 min, centrifuged at 10 4 rpm for 5 min (Eppendorf, centrifuge 5415C) to remove insoluble material, and then placed on ice for 1 h prior to incubation with 1 mM d(N)TP and 5 mM CaCl 2 . Crystals were grown using the sitting drop, vapor-diffusion method by mixing 1 l of complex with 1 l of solution containing 5-10% polyethylene glycol 3350 (w/v), and 100 mM Ca(OAc) 2 , and equilibrated against a well solution containing 25 mM Tris-HCl (pH 7.4 at 25°C) buffer, 5-10% polyethylene glycol 3350 (w/v), 100 mM Ca(OAc) 2 , and 2.5% glycerol (v/v). Crystals were soaked in mother liquor containing an additional 25% polyethylene glycol 3350 (w/v) and 15% ethylene glycol (v/v), and then swiped through paratone-N (Hampton Research, Aliso Viejo, CA) and flash frozen in a stream of liquid nitrogen.
X-ray Diffraction Data Collection and Processing-Diffraction data sets for Dpo4 ternary O 6 -MeG:C and O 6 -MeG:dATP complexes were collected at 100 K using a radiation wavelength of 1.54 Å on a Bruker Microstar (Bruker AXS, Madison, WI) system housed in the Center for Structural Biology at Vanderbilt. Data sets for the O 6 -MeG:T were collected at 110 K using synchrotron radiation wavelength of 0.98 Å on the X25 beamline at the National Synchrotron Light Source, Brookhaven, NY. Indexing and scaling were performed using HKL2000 (29) . All three structures indexed to the same space group and had very similar unit cell parameters.
Structure Determination and Refinement-The refined Dpo4-dG model (23) was used as a starting model for the O 6 -MeG:C structure, the refined O 6 -MeG:C model was used and the starting model for the O 6 -MeG:T structure, and the Dpo4 -2 model (22) was used as a starting model for the
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O 6 -MeG:dATP structure. In each instance, several rounds of rigid body refinement of the diffraction data, with gradually increasing resolution, optimized the initial positions of the models. The model was refined further using the CNS Solve package (version 1.1) (30), including simulated annealing, gradient minimization, and refinement of individual isotropic temperature factors. Individual occupancy refinement was necessary to establish the final model for the active site thymidine residue in the O 6 -MeG:T structure. Manual model building was performed using TURBO. 3
RESULTS

Extension of Oligonucleotide Primers by Dpo4 in the Presence of All Four dNTPs-A time course performed under enzymelimiting conditions provides a general measure of how Dpo4
catalysis is affected by O 6 -MeG ( Fig. 2 ). An observed rate constant defining five incorporation events can be measured by following the appearance of the fully extended 18-mer primer and fitting the data to Equation 1, where n ϭ 5. The amount of product formed in the first binding event (i.e. the "burst" amplitude) is diminished by roughly 25% relative to what is observed with the DNA control indicating that fewer Dpo4 molecules are able to fully extend the primer in the first attempt ( Fig. 2C ). It is important to note that, in the absence of any other evidence (see below), the exact identity of the fully extended product is unknown.
Dpo4 Catalysis in the Presence of a Single dNTP-In the next set of experiments, Dpo4 catalysis was allowed to proceed in the presence of a single nucleotide. Dpo4 can incorporate each of the four dNTPs across from O 6 -MeG (supplemental Fig. S1 ). Steady-state kinetic assays were then employed as a first quantitative measure of the preferential mechanism for Dpo4 insertion opposite O 6 -MeG. The relative catalytic efficiency of nucleotide incorporation by Dpo4 was determined by varying the concentration of dNTP in the reaction solution (Table 1) . Dpo4-catalyzed incorporation of dCTP opposite O 6 -MeG is inhibited ϳ10 3 -fold relative to unmodified DNA, but the enzyme is ϳ3-, ϳ6-, and ϳ14-fold more efficient at correct incorporation of C opposite O 6 -MeG compared with incorrect incorporation of T, A, and G, respectively.
LC-MS/MS Analysis of Full-length Extension
Products-Unambiguous identification of full-length extension products resulting from Dpo4 catalysis was carried out as described previously (23), with slight modifications that are described under "Experimental Procedures." MS results for Dpo4-catalyzed incorporation opposite and extension past O 6 -MeG modified template DNA are summarized in Fig. 3 . Two major ions were observed at m/z 1078.6 and 719.1, corresponding with the Ϫ2 and Ϫ3 ions, respectively (Fig. 3B ). The total ion trace for the m/z 1079 ion MS/MS is shown in Fig. 3C , and CID analysis of the m/z 1079 ion resulted in the fragmentation pattern shown in Fig. 3D . The major ions in the fragmentation pattern are consistent with the sequence, 5Ј-pTCCATGA-3Ј (supplemental Table S1 ), which corresponds to the insertion of C opposite O 6 -MeG and accurate full-length extension of the primer.
A second pair of ions was detected at m/z 1086.1 and 723.8, both of which are consistent with the Ϫ2 and Ϫ3 charge states of a parent ion representing T insertion opposite O 6 -MeG followed by accurate full-length extension. CID provided a frag- JANUARY 12, 2007 • VOLUME 282 • NUMBER 2 JOURNAL OF BIOLOGICAL CHEMISTRY 1459 mentation pattern consistent with this sequence assignment (supplemental Fig. S2 and Table S2 ). The third ion pair, 1090.7 and 726.8, was identified as A insertion products, again followed by accurate full-length extension (supplemental Fig. S3 and Table S3 ). Comparison of the selected ion counts (for the ions corresponding to all three products) indicates that correct incorporation of C opposite O 6 -MeG comprises roughly 70% of the full-length extension products observed in the reaction mixture. Misincorporation of T accounted for ϳ20% of the products, and A accounted for the remaining ϳ10%, consistent with the steady-state parameters.
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Transient-state Kinetic Analysis for Dpo4 Bypass of O 6 -MeG-Presteady-state experiments were performed under enzyme-limiting conditions in the presence of dCTP alone. The presence of O 6 -MeG in the template strand reduces the amount of product generated in the first catalytic turnover by roughly 3-fold under the experimental conditions used here (Fig. 4 ). The k obs value is 4.4-fold slower for incorporation opposite O 6 -MeG compared with undamaged DNA at this particular concentration of nucleoside triphosphate (1 mM dCTP).
Previous studies suggest that phosphoryl transfer (i.e. the "chemistry" step) is not the rate-limiting step that defines correct dNTP incorporation by Dpo4 (24) . One approach to determining the overall contribution of "chemistry" to the polymerase catalytic cycle involves substituting sulfur for one of the oxygen atoms in the ␣-phosphate group. In principle, substitution of oxygen with a less electronegative sulfur atom makes bond breakage (and subsequent phosphoryl transfer) more difficult. If phosphoryl transfer is the rate-limiting step in the multistep polymerase catalytic cycle then the sulfur substitution experiment will exhibit a (32) . The measured reduction in k obs upon substitution of sulfur for oxygen ("thio" effect) for unmodified G was ϳ1.9 (Fig. 4A ), which is similar to previous phosphorothioate substitution experiments with Dpo4 that resulted in a thio effect of ϳ1.4 (24) . For incorporation opposite O 6 -MeG-modified DNA, substitution of dCTP with S p -dCTP␣S eliminates any observable burst in product formation (Fig. 4B ), suggesting that phosphoryl transfer by Dpo4 is partially inhibited in the presence of O 6 -MeGmodified template DNA. Additional evidence in favor of such an interpretation includes the observation that the amount of product formed in the first binding event increases as a function of glycerol concentration (supplemental Fig. S4 ). Any conformational change in the enzyme structure is likely to be slowed by a more viscous reaction solution, as has been observed for pol ␤ (33). The rate of phosphoryl transfer should not, however, be greatly affected by increasing viscosity. Thus, the increasing product amplitudes observed at higher glycerol concentrations may be attributable to a higher overall residence time for Dpo4 on any given substrate, which allows a greater fraction of Dpo4 to complete the chemistry step prior to dissociation. It is possible that the Dpo4⅐DNA complex is inherently less stable in the presence of O 6 -MeG-adducted DNA. Active site titration experiments were performed to assess the relative stability of Dpo4⅐G and Dpo4⅐O 6 -MeG complexes when the enzyme is required to proceed through the phosphoryl transfer step (Fig.  4C ). The measured K D,DNA values for both unmodified and O 6 -MeG-modified DNA substrates are similar, indicating that O 6 -MeG has no effect upon the intrinsic stability of the ternary complex.
To further assess the Dpo4 mechanism of O 6 -alkylG bypass, the concentration of dCTP in the reaction mixture was varied to measure the maximum forward rate constant describing polymerization, k pol , and the equilibrium dissociation constant, K D,dCTP , describing dCTP binding affinity toward the Dpo4⅐DNA complex ( Fig. 5 and Table 2 ). The overall kinetic efficiency of the control reaction, k pol /K D,dCTP , is similar to that measured previously (23) . Dpo4-catalyzed incorporation of dCTP opposite O 6 -MeG-modified DNA proceeds at a rate approximately ϳ6-fold slower, as evidenced by a decreased value for k pol , and the apparent nucleotide binding affinity is ϳ2-fold less than that of unmodified G (i.e. K D,dCTP is roughly 2-fold higher for O 6 -MeG). The overall catalytic efficiency is decreased 14-fold when Dpo4 attempts to insert dCTP opposite O 6 -MeG. Pre-steady-state kinetic analysis of dTTP misincorporation could not be determined due to an absence of any measurable amount of product formed in the first Dpo4⅐DNA binding event under all conditions tested.
Incorporation Beyond O 6 -MeG Is Unperturbed and Retains Normal Fidelity-To study the catalytic cycle that occurs immediately following nucleotide incorporation opposite O 6 -MeG, two synthetic 14-mer primers were used. One contained C-paired opposite O 6 -MeG and a second contained T-paired opposite O 6 -MeG. Correct incorporation of dATP proceeds at a maximal forward rate quite comparable to unmodified G when C is paired opposite O 6 -MeG (Table 2 and supplemental Fig. S5) . Notably, the next base extension of the Based on the pre-steady-state kinetics, it is apparent that Dpo4-catalyzed incorporation of both dCTP and dTTP opposite the O 6 -MeG lesion is impeded, with misincorporation events suffering a greater degree of inhibition. The slower forward rate and the complete loss of any detectable burst for S p -dCTP␣S incorporation are both consistent with inhibition of phosphoryl transfer.
X-ray Crystal Structures of Dpo4 Complexes-Crystallogenesis experiments were performed for all potential pairings opposite O 6 -MeG to provide a structural understanding of the kinetic phenomena. Crystals with C and T primer DNA residues paired opposite O 6 -MeG were readily obtained, but crystallization of the incoming dCTP or dTTP using a 13-nucleotide primer proved more difficult. Crystals were obtained using a 13-nucleotide primer and either dCTP or dTTP, but none of these crystals diffracted to high resolution. Additionally, using the dNTP that pairs with the base to the 5Ј-side of O 6 -MeG resulted in large numbers of crystals. All crystals were obtained using Ca 2ϩ as the metal ion cofactor. Three complexes were obtained that provided a structural basis for what was observed in both the mass spectral and kinetic analyses ( Table 3) The initial O 6 -MeG:C structure was solved by molecular replacement using the previously reported Dpo4-dG structure (PDB accession code 2c22) as a search model (23) . In contrast to the Dpo4-dG structure, the O 6 -MeG:C structure is of the Type I form (19) , with only one template base accommodated directly in the active site of the enzyme. The O 6 -MeG lesion is well stacked within the template strand, and the methyl group at position 6 is placed in a proximal orientation relative to the remainder of the purine ring system (Fig. 6A ). The cytosine base (pC14) positioned opposite O 6 -MeG has a shifted base-pairing 
orientation that has been referred to as a wobble pairing scheme (Fig. 7A) One of these ions is considered to be the catalytic ion, and the second ion appears to stabilize the tri-phosphate moiety of the incoming dNTP. A third Ca 2ϩ ion is located near the phosphate group of pC13. The initial O 6 -MeG:T model did not contain a base opposite the templating lesion, and the initial F o Ϫ F c map failed to reveal convincing positive electron density for much of the thymidine base (supplemental Fig. S6A ). The next round of refinement included a thymidine at position 14 in the primer DNA (pT14), but the resulting difference maps showed negative density for much of the glycosidic bond region of the thymidine base (supplemental Fig. S6B ). Subsequent rounds of refinement and manual model building also failed to improve the electron density near pT14. The remainder of the O 6 -MeG:T active site is very similar to the O 6 -MeG:C structure in that the O 6 -MeG lesion is well stacked in the template DNA (again located in a proximal position relative to the purine ring), and the incoming dGTP is paired with the cytosine located 5Ј to O 6 -MeG residue (Fig. 6B) . The final O 6 -MeG:T model places pT14 in three alternate conformations (Fig. 7B ). Using multiple conformations was the only means of eliminating positive electron density from those regions of the map near pT14 (supplemental Fig.  S7 ). The absence of unambiguous electron density near pT14 most likely results from disorder in this particular region of the crystal.
In the third structure, MeG-dATP, the incoming dATP was found to pair with the thymidine base to the 5Ј-side of O 6 -MeG (Fig. 6C) . Such a structure is most likely representative of a 
severely inhibited catalytic complex. As with the other structures, the O 6 -MeG is well stacked in the template strand, and the methyl group is placed in a proximal orientation relative to the purine ring. The orientation of the methyl group in the O 6 -MeG-dATP structure is somewhat surprising given the apparent preference for a distal orientation in the free nucleoside (34, 35) . Without a base paired opposite, a reorientation to the more sterically more favorable distal position would seem logical. In fact, using the experimental electron density as a guide, the O6 methyl group can be manually positioned in the distal orientation. However, after every round of refinement the O6 methyl group was located in the proximal orientation and is considered to be the most favored orientation for the structures observed here. Overall, the final refined structures showed very little deviation (root mean square deviation ϭ 0.78) from one another, except in certain salient aspects of the active site region (supplemental Fig. S8 ).
DISCUSSION
Alkylation of DNA can take many forms. One of the simplest forms of DNA alkylation is addition of a methyl group at the O 6 -position of guanine. The work presented herein involved use of a model Y-family polymerase, namely Dpo4 from S. solfataricus, as a means of clearly defining how this specialized polymerase processes the O 6 -MeG lesion.
The mutagenic potential of O 6 -MeG is apparent from the structure of the lesion, in that the modified base loses some of its ability to form the hydrogen bonding pattern normally observed within a G:C pair (Fig. 1 ). Upon addition of the methyl group, formation of the enol moiety at the O6 position redistributes some of the electron density into the aromatic ring, thereby reducing the ability of the N1 atom to act as a general base and become protonated. Without a protonated N1 atom, the most obvious predicted hydrogen-bonding pattern between O 6 -MeG and C would then consist of two hydrogen bonds: the first occurring between the N1 of O 6 -MeG and the exocyclic amine at position N4 of C, and the second occurring between the N2 exocyclic amine of O 6 -MeG and the N3 atom of C (Fig. 1A) . The existence of a wobble base pair between O 6 -MeG and C was predicted 20 years ago based on NMR studies of oligonucleotides (in the absence of polymerase) (36) . Two other types of O 6 -alkylG:C pairing schemes have been reported in separate crystallographic studies of the modified oligonucleotides in isolation, including a split-hydrogen bond "bifurcated" pairing and a Watson-Crick type pairing in Z-form DNA (37, 38) . Nevertheless, the O 6 -MeG:C structure solved here provides conclusive evidence that a wobble pairing occurs in the active site of Dpo4 and very likely represents what occurs 
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within the context of post-replication repair by the Y-family DNA polymerases (Fig. 7A) .
As indicated by the steady-state kinetic and mass spectral analyses, Dpo4-catalyzed bypass of O 6 -MeG is not perfectly accurate (Table 1 and supplemental Figs. S2 and S3 ). Misincorporation of T was the second most observed product of Dpo4catalyzed bypass. Indeed, typical mutation spectra observed when cells are treated with methylating agents are dominated by GC to AT transitions (4) . The O 6 -MeG:T structure solved here provides a rather ambiguous answer to the question of how O 6 -MeG and T pair in the active site of a polymerase, because much of the corresponding thymidine base is disordered. However, analysis of the three conformations describing the position of pT14 reveals a possible rationale for why the base is disordered and how thymidine proceeds to pair opposite O 6 -MeG-modified DNA.
The first conformation (Fig. 7B , red residue) places T in a position where a single hydrogen bond may occur between the N2 exocyclic amino group of O 6 -MeG and the O4 atom of pT14. The second conformation (Fig. 7B , blue residue) assumes a pseudo-Watson-Crick geometry, but the closest pair of hydrogen-bonding partners (namely the exocyclic amino portion of O 6 -MeG and the O2 atom of pT14) are 3.1 Å apart. Finally, the third conformation swings the sugar and base portion of pT14 out of the active site completely (Fig. 7B , green residue). Taken together, these three conformations are likely to represent the course of events undertaken by any T residue attempting to pair opposite O 6 -MeG at the terminus of a DNA helix, a reasonable conclusion supported by the kinetic and mass spectral data.
The pairing between O 6 -MeG and T was predicted by NMR to retain Watson-Crick geometry with a single hydrogen bond occurring between the N2 exocyclic amine of O 6 -MeG and the O2 carbonyl group of T, and either no bonding or possibly a "long" bond occurring between N1 of O 6 -MeG and the imino proton at position N3 of T ( Fig. 1B) (39) . Crystallographic analysis of a self-complementary dodecamer, which pairs O 6 -MeG and T, revealed a Watson-Crick type pairing geometry (40) . In the crystal structure of the dodecamer, the hydrogen bond between N1 of O 6 -MeG and N3 of T is 2.9 Å in length, slightly closer than what was proposed by NMR (40) . In our O 6 -MeG:T structure the N1 atom of O 6 -MeG and N3 atom of T are separated by 3.4 Å (although caution should be taken in placing too much emphasis upon the distances observed between O 6 -MeG and T because of the sparse density found near that region and the resolution of our data). Further, the difference observed between the NMR studies and the crystallographic analysis of the modified DNA alone is an interesting point to consider within the context of the O 6 -MeG:T structure observed here. In NMR studies with O 6 -MeG-modified oligonucleotides, the O 6 -MeG:T pair is separated from the end of the double-helix by two base pairs, and in the crystallographic analysis the O 6 -MeG:T pair is separated from the end of the double-helix by three base pairs, possibly affecting the strength of the hydrogen bond between N1 of O 6 -MeG and the imino proton at position N3 of T because of thermal fraying at the end of the dodecamer (39, 40) . Melting studies with the dodecamer revealed that, in thermodynamic terms, both the C and T pairings with O 6 -MeG pairing have a large destabilizing effect upon the B-form helix (40) . In our structure, the pairing between T and O 6 -MeG occurs at the very end of a DNA double-helix, in an environment that places fewer restraints upon the orientation of pT14. The potential hydrogen-bonding partners in the pseudo-Watson-Crick conformation (Fig. 7B , blue residue) are placed at distances of ϳ3.1 Å or greater, in general agreement with the view that thermal fraying occurs more readily near the ends of double-stranded DNA.
The literature defining how polymerases handle O 6 -alkylguanines is somewhat limited in scope. Until now, there has been no structural information available for any of the polymerase families regarding how an O 6 -alkylG lesion is accommodated in a polymerase active site and what types of pairing orientations are observed during catalysis. The "high fidelity" polymerases typically favor inserting a T opposite the O 6 -MeG lesion (41) (42) (43) (44) (45) (46) . Studies with yeast polymerase have revealed a more accurate mechanism of bypass in which C is the favored insertion product, at least in the steady-state (41) . Interestingly however, mass spectral analysis of the full-length extension products indicated that human pol inserts more T during full-length extension in the presence of all four dNTPs (47) .
Previous work with Klenow fragment of E. coli DNA polymerase I revealed that neither T nor C incorporation was very facile opposite O 6 -MeG (46) . Steady-state experiments from our own group showed that both bacteriophage polymerase T7 Ϫ and HIV-RT preferentially incorporate dTTP opposite O 6 -MeG (44, 45) . Notably, the catalytic efficiency for multiple turnovers was decreased substantially for both enzymes (100to 1,000-fold for T7 Ϫ and 3,000-to 6,000-fold for HIV-RT) relative to correct incorporation opposite unmodified DNA (44, 45) . In pre-steady-state experiments, HIV-RT-catalyzed incorporation of both C and T opposite O 6 -MeG was inhibited ϳ7-fold relative to correct incorporation opposite G (44, 45) . Interestingly, in the pre-steady-state HIV-RT incorporated both C and T equally well opposite the lesion (44, 45) . A general conclusion from both studies was that the Watson-Crick geometry of the T:O 6 -MeG pairing was favored by Klenow fragment and HIV-RT over the more distorted backbone of the C:O 6 -MeG pairing (44 -46) . Dpo4 follows the kinetic trend of HIV-RT in that the level of inhibition is greater when the enzyme is allowed to undergo multiple rounds of binding and dissociation, but the ability of Dpo4 to bypass O 6 -MeG (in what is preferably an accurate manner) distinguishes it from most polymerases studied to date.
Pre-steady-state results for Dpo4-catalyzed insertion of C opposite O 6 -MeG suggest that phosphoryl transfer is the ratelimiting step in the reaction mechanism. In a previous kinetic analysis a step prior to chemisty was proposed to be the ratedetermining step during "correct" nucleotide incorporation by Dpo4 (24) , but what that kinetic step represents in physical terms remains unclear. In the same study, phosphoryl transfer was proposed to limit progression of the reaction during "incorrect" insertion events (24) . In kinetic terms, correct bypass of O 6 -MeG is similar to incorrect insertion events with unmodified DNA. Both events are largely defined by slow forward rates, although binding affinities are also reduced to varying degrees. The O 6 -MeG:C pair is in a "wobble" conformation, not the nor-
mal Watson-Crick geometry. Likewise, incorrect insertion events with unmodified DNA would be expected to adopt non-Watson-Crick geometry (excluding those events where the incoming dNTP is paired 5Ј to the template base), but it remains unclear why chemistry becomes the rate-limiting kinetic step. Superimposition of the O 6 -MeG:C structure with the original Type I (19) structure for Dpo4 reveals very few changes in the amino acid contacts between enzyme and substrate (supplemental Fig. S9) . In comparing the original Type I (19) structure (PDB accession code 1jx4) with our O 6 -MeG:C structure it appears that the enzyme reorganizes a few amino acid residues near the template to reach the free energy minimum necessary to accommodate the wobble base pair (supplemental Fig. S10 ). The side-chain reorientations include movement of Arg-332 and Ile-145 away from the templating base and an alternate conformation observed with Arg-247 that breaks a hydrogen bonding contact with the deoxyribose moiety of the Four genes that are thought to code for polymerases in the S. solfataricus genome, and only one of these (Dpo4) is a confirmed "translesion" polymerase. The S. solfataricus replicative polymerase may be as (or more) efficient at bypass of O 6 -MeG than Dpo4. If this is the case then insertion of T is likely to be the result if the S. solfataricus polymerase follows the trend of other family B polymerases. Consistent with such an idea, human pol ␦ can readily bypass and extend across from O 6 -MeG-modified DNA, and steady-state results suggest an equal propensity to C or T incorporation (47) . Human pol ␦ catalysis is inhibited ϳ10fold opposite O 6 -MeG. The human Y-family polymerases are also inhibited 10-to 100-fold, with the exception of pol which actually inserts T opposite O 6 -MeG with greater efficiency than it does C opposite G (47) . Another question that remains unanswered is the role of archaeal proliferating cell nuclear antigenlike proteins in Dpo4-catalyzed lesion bypass. It is possible that an interaction between archaeal proliferating cell nuclear antigen and Dpo4 serves to increase the efficiency of bypass observed for several types of lesions, including O 6 -MeG.
Another interesting comparison can be made between the results obtained here and Dpo4-catalyzed bypass of 8-oxoG (23) . Dpo4 is highly efficient at C insertion opposite 8-oxoG, whereas most if not all other polymerases studied are inhibited (even if they still insert more C than A). In the case of O 6 -MeG, Dpo4 catalysis is inhibited as with all other polymerases studied to date. It is the ratio of C to T incorporation that sets Dpo4 apart. The 8-oxoG modification does not perturb the hydrogen bonding face of guanine. Several of the lesions studied to date that interrupt hydrogen bonding patterns tend to strongly inhibit Dpo4 catalysis (e.g. O 6 -MeG, 1,N 2 -etheno-G), pointing toward the relevance of incoming nucleotide stability, as effected by hydrogen bonding interactions, to Dpo4 catalysis. In the case of 8-oxoG, a hydrogen bond between Arg-332 and the O8 atom appears to help Dpo4 "grip" the lesion and stabilize the 8-oxoG:C base pair, which makes Dpo4-catalyzed insertion of dCTP opposite 8-oxoG ϳ20-fold more efficient than Dpo4catalyzed insertion of dCTP opposite G (23) .
The resulting picture for Dpo4-catalyzed bypass of O 6 -MeG is clear. Correct incorporation of C opposite O 6 -MeG is the major product, followed by accurate extension of at least 4 bp. The mechanism by which Dpo4 accomplishes correct incorporation is ϳ14-fold less efficient than what is observed with unmodified DNA but remains more efficient than misincorporation by any measure tested here. Based on kinetic and structural data, proper alignment of the tri-phosphate moiety in the catalytic center is most likely the step at which inhibition occurs. Misalignment appears to result from a shift in the hydrogen-bonding pattern between C and O 6 -MeG to form a wobble base pair, as observed in the crystal structure ( Fig. 7A ). Dpo4 does catalyze insertion of T (and to a lesser extent A) but an elevated K m,dTTP and a disordered T in the crystal structure indicate that the O 6 -MeG:T pair is less stable in the Dpo4 active site, which results in an enzyme that favors accurate bypass. These findings provide insight into the factors that directly influence the preference for C over T incorporation when Dpo4 bypasses O 6 -MeG.
In conclusion, the major points of interest involve the ascertainment of how O 6 -MeG pairs within a biologically relevant context. Previous biophysical studies of the nucleic acids alone have revealed several modes of pairing between C (or T) and O 6 -alkylG with the oligonucleotides in isolation (36, 40) ; however, none of these studies are instructive regarding how the lesion would be handled by proteins. A crystal structure of O 6 -alkylguanine-DNA alkyltransferase in complex with O 6 -MeG, although informative about DNA repair, fails to provide any information regarding how O 6 -MeG pairs because of the elegant "base-flipping" mechanism utilized as a means of damage recognition (31) . The structural enzymology presented here provides what appears to be the first structural insight into how O 6 -MeG might be processed during replication by a uniquely fitted group of enzymes. Whether the structural results observed with an archaeal member of the Y-family hold true for the eukaryotic enzymes, e.g. pol and pol , is a question for further studies.
